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Abstract:  
Featuring low threshold current, circular beam profile, and scalable fabrication, 
vertical cavity surface emitting lasers (VCSELs) have made indispensable 
contributions to the development of modern optoelectronic technologies. 
Manipulation of electromagnetic fields with emerging flat optical structures, namely 
metasurfaces, offers new opportunities to minimize complex optical systems into 
ultra-compact dimensions. Here, we proposed and experimentally demonstrated 
Vertical Cavity Metasurface-Emitting Lasers (VCMELs) through the monolithic 
integration of high-index metasurfaces, characterized by their remarkable spatial 
controllability over the laser beams. Such wafer-level monolithic integration of 
metasurfaces through VCSELs-compatible technology not only considerably 
simplifies the assembling process but also preserves the laser characteristics, with 
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great potential to promote various wide-field applications of VCSELs such as optical 
data communication, ultra-compact light detection and ranging (LiDAR), 3D sensing, 
and directional displays. 
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Introduction: 
Vertical-cavity surface emitting lasers (VCSELs) have experienced a soaring 
development over the last 30 years, particularly after the demonstration of the first 
continuous-wave (cw) room-temperature device.
1-3
 Their unique features such as 
low-power consumption, circular beam profile, wafer-level testing, large-scale 
two-dimensional (2D) array have made them the most versatile laser sources for a 
large number of applications ranging from optical communications, to instrumentation, 
as well as laser manufacturing and sensing.
4-6
 The exploding application demands and 
the rapidly growing markets pose a longstanding challenge to further improve their 
performance while realizing precise beam control. In this context, the replacement of 
the top reflector with resonant structures and the incorporation of photonic crystal 
have been extensively employed to tune the emission, achieve high brightness, 
respectively. Meanwhile, considerable attention has been paid to improve the beam 
quality of the VCSELs, for example, by preventing high-order transverse modes
7-11
. 
Despite the fact that single-fundamental-mode laser can be realized by limiting the 
active region with a reduced oxide aperture, strong diffraction effect produces highly 
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divergent emissions with a typical divergence angle of about 10 degrees.
12-13
 To this 
end, both refractive and diffractive external micro-lenses have been incorporated into 
VCSELs to shape the wavefront of the beam. Pioneering efforts to integrate 
diffractive optical elements (DOEs), such as Dammann gratings and Fresnel lenses 
have led to DOE-VCSELs with superior beam quality operated at low deflection 
angles.
14-17
 Today, artificial optical surfaces can outperform conventional DOE, in 
particular by improving the deflection performance at larger angles, to simultaneously 
control the phase and polarization state of light and even to produce complex field 
patterns, thus opening up new opportunities for wide-field laser applications. 
Metasurfaces, emerging as a new class of subwavelength-carved two-dimensional 
optical components, exhibit exceptional spectral and spatial controllability over the 
electromagnetic waves.
18-25
 In comparison with conventional optical components, 
their unique planar configuration and CMOS compatibility make them promising 
candidates for optoelectronic integration. Plasmonic metasurfaces have been 
integrated on the facet of the edge emitting quantum cascade lasers and VCSELs to 
improve the beam quality, light transmission and control polarization.
26-29
 By contrast, 
high-index dielectric metasurfaces have demonstrated advantages of low absorption 
loss and the ability to engineer both the electric and the magnetic optical responses, 
which are predominantly considered for realistic applications.
18,22-24
 In this regard, 
high-contrast metasurface has been integrated with VCSEL in replacement of top 
DRB mirror to control its far-field emission patterns.
30
 Integrated intra-cavity 
all-dielectric metasurface has been employed to select a given vortex lasing emission 
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by introducing a weak angular perturbation of light at the reflecting surface.
31
 
Nevertheless, these integrations of dielectric metasurfaces are highly intrusive, 
unavoidably modifying the laser structure, and thus their characteristics, i.e. emission 
power and lasing wavelength. On the other hand, the static nature of dielectric 
metasurfaces does not support arbitrary wavefront scanning or programmability of 
laser beam, a possibility that would be extremely preferred for future applications.  
In this contribution, a wafer-level nonintrusive solution that addresses the issues of 
beam shaping VCSELs with programmable controllability is proposed. 
Two-dimensional (2D) arrays of lasers with programmable directional beam emission 
properties, called vertical cavity metasurface-emitting lasers (VCMELs), have been 
designed and demonstrated by monolithic integrating metasurfaces under 
back-emitting configuration without altering the laser characteristics such as threshold, 
current distribution, lasing wavelength. Engaging metasurfaces with well-defined 
wavelength and well-defined incoming-outgoing wavefront applications, this 
approach that fully benefits from the advantage of metasurface technology is capable 
of resolving the critical diffraction issues of the most widespread laser system to date, 
while maintaining a wafer-level fabrication process, which is therefore highly 
compatible with the standard packaging process, electrical injection solution and 
theoretical analysis adapted to state-of-the-art VCSELs technologies. As a proof of 
concept of its feasibility, VCMELs have been designed and fabricated to 1) collimate 
the lasing emissions with a low divergence angle; 2) impart an additional conical 
phase profile, yielding to the most compact experimentally fabricated non-diffracting 
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Bessel beam laser, and orbital angular momentum (OAM) carrying beams, 
respectively; 3) steer the lasing beam in an ultra-compact system from a 
programmable two-dimensional laser-array. Our work promises the arbitrarily control 
the wavefront of VCSELs at the wafer-level with exceptional controllability, 
significantly promoting their various applications including image forming, compact 
laser scanning and so forth. 
Results and Discussion: 
VCMELs are designed and fabricated into back-emitting configuration, as illustrated 
in Fig. 1(a). The details of the fabrication process are summarized step-by-step in 
Fig. S1. Figure 2S shows the lasing emission spectra as a function of injection 
current. The full width at half maximum (FWHM) of the lasing peak is less than 
0.02 nm (limited by the resolution of the optical spectrum analyzer (OSA), and the 
side mode suppression ratio (SMSR) is higher than 20dB (29.2dB at 0.2 mA) up to 
an injected current of 2 mA. These facts reveal the singe fundamental transverse 
mode operation of the VCMELs thanks to their reduced oxide aperture (about 3 μm, 
as shown in the inset of Fig. 3S). Since the design of meta-optics relies on spatially 
addressing a given incoming phase profile, the single fundamental mode operation 
greatly simplify the design of the out-going phase profiles. However, it is worth 
pointing out that the proposed wavefront shaping could as well compensate for 
complex multiple-modes laser operation.  
To define the size of the metasurfaces, we started by fitting the measured 
out-coupling intensity distribution at the back-side surface of a bare VCSEL with a 
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Gaussian function, yielding to a beam diameter of about 86 µm, which agrees well 
with the estimated value given by the diffraction from the gain region, considering 
an oxide aperture of 3µm. In order to maximize the interactions between the laser 
beam and metasurface and avoiding the diffraction effects caused by the physical 
boundary of the metasurface, the diameter of the metasurface is fixed at a larger size 
of about 200 µm (Fig. 1(c)), which will overlay the entire laser beam. In our design, 
centro-symmetric GaAs nanopillars of different diameters are employed as 
polarization insensitivity meta-atoms. It has been previously demonstrated that each 
nanopillar operates as an independent Fabry-Perot resonator with a low quality 
factor. The phase and amplitude of the scattered light can be controlled by adjusting 
the pillar radius as determined by the finite difference time domain (FDTD 
Lumerical) simulations reported in Fig. 1(b). The height of the individual GaAs 
nanopillar is fixed according to full wave simulations at h=500 nm as confirmed 
experimentally in Fig. S4. The nanopillars were assembled with subwavelength 
lattice constant considering the substrate refractive index to avoid spurious 
diffraction, and the distance between the adjacent nanopillars is fixed at 260 nm. 
Increasing the diameter results in better transversal confinement of light inside the 
nanopillars, increasing the effective refractive index, and thus larger transmitted 
phase delay.
32
 Thanks to this simple and effective approach of phase control, the 
beam shaping can be realized simply by tuning the diameter of the GaAs nanopillars 
and assembling them at desired positions according to specific designs. As a proof 
of concept, the proposed VCMELs are designed and fabricated to generate 1) 
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collimated beams, 2) non-diffracting Bessel beams 3) OAM carrying beams, and 4) 
arbitrary directional beam emissions, respectively. 
To define the design for desired wave functionality, we first correct for the beam 
divergence occurring during the propagation from the oxide aperture to the backside 
surface. As a first approximation, the wavefront at the backside of the wafer is 
considered as a single dipole placed at the center of the gain region. Given that the 
oxide aperture is much smaller than the distance to the backside surface of wafer, we 
considered an out-going spherical wavefront with hyperbolic phase profile at the 
bottom surface. Note that this approximation neglects the filtering effect of the high 
finesse cavity. The latter could be accounted by doing full wave calculation of the 
propagation field. A desired phase delay collimator
( , )x y
 at a given position (x, y) with 
respect to the center of the array, determined by the following functions: 
2 2 2
collimator
2
=2 -
n
x y f f

 

 （ - ）is introduced to impart a compensating phase, 
collimating the incoming beam. To this end, the focal length f has been first optimized 
to achieve optimal collimation performance. Figure S5 illustrates the schematic of the 
lasing beam characterization setup. A microscope objective coupled together with an 
infrared CCD camera is mounted on a translation stage to record the optical field 
profiles of the laser in the three directions. The transverse beam intensity distributions 
of the VCSEL along the propagation axis (z-axis), both with and without metasurface, 
were investigated with an acquisition z-step sampling size of 5 µm. Figure 2(a) shows 
the measured laser intensity distributions along the propagation direction from the 
lasers with and without metasurfaces under the same injected cw current (0.2 mA), 
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slightly above the threshold current to avoid overheating the devices during 
measurements. It is found that the emission power of the bare laser without 
metasurface diffracts the emitted light rapidly, while collimated beams can be readily 
obtained by the integration of metasurface. Furthermore, the optimal focal length has 
been revealed from both the far-field patterns and the measured divergence angle of 
the collimated beams, as shown in Fig. 2(b) and Fig. 2(c), respectively. It can be seen 
that the VCMELs with f=630 µm exhibits the best collimation performance with a 
well-defined symmetric far-field pattern and a very respectable divergence angle as 
small as 0.83
o
. In contrast, the bare VCSEL is highly diverging with an estimated 
divergence angle about 36
o
. It is worth to point out that this integration is completely 
non-intrusive and compatible with the standard VCSELs architecture. Comparing the 
P-I-V characteristics of the lasers, both with and without metasurface, we confirmed 
that the laser performances are preserved, as shown in Fig. 2(d). Note that the 
integration of metasurface barely affects the lasing characteristics of the devices, 
while it remarkably shapes the wavefront of the lasing beam. Furthermore, the 
transmission efficiency of the metasurface integrated VCSEL is estimated, based on 
laser characteristic without versus with metasurfaces, to be about 80% at the injection 
current of 0.2 mA, which is in good agreement with the high transmission design of 
the GaAs nanopillar building blocks. To estimate the collimation efficiency, the laser 
power was measured along the propagation direction after passing through a small 
aperture with a diameter about the size of the metasurface diameter, as shown in Fig. 
S7. The output power of the collimated lasers drops slowly along its propagation 
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direction, while the power of the bare laser decreases rapidly to the background noise 
beyond 1.5 cm. Moreover, the VCMEL with f= 630 um exhibits the largest emission 
power and stabilizes at about 72 % when Z is larger than 8 mm compared with the 
other devices, leading to a collimation efficiency of about 57% by taking into account 
of the transmission efficiency. Similar collimation performance has been 
experimentally demonstrated at larger injection current operation, as shown in Fig. S8, 
indicating that this approach is applicable even at large optical power. 
After resolving the divergence issue, the implementation of arbitrary wavefront 
shaping characteristics can be readily achieved by adding an additional phase 
response to the collimator phase profile. As an example, a non-diffracting Bessel laser 
is demonstrated. The design is composed by the sum of the collimating phase 
delay(𝜙𝑐𝑜𝑙𝑙𝑖𝑚𝑎𝑡𝑜𝑟 ) with an additional phase retardation to further deflecting the 
collimated wave into an assembly of tilted plane waves with vectors distributed on a 
cone. To do this, GaAs nanopillars are chosen accordingly to add this additional 
conical phase profile ( 2 2
axicon
2
=2 - . .x y NA

 

 , where NA= sinθ is the numerical 
aperture) which will decompose the zeroth-order Bessel function as an ensemble of 
tilted plane waves propagating toward the axis of the laser with half angles given by 
𝜃 = sin−1(𝑘′′/𝑘0) where 𝑘′′ represents the transverse light momentum introduced 
by the metasurface, as illustrated in Fig. 3(a). Figure 3(b) shows the beam profiles 
along the propagation direction under the injection current of 0.2 mA. It can be seen 
that the lasing beam of the device shows a well-defined, 160 µm long non-diffracting 
signal along the axis of the device, which is in good agreement with the theoretical 
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value using geometric optics, i.e. 
D
2tan⁡(θ⁡)
 = 161 um, where D ~86 um is the diameter 
of the incident Gaussian beam upon the surface of metasurface. The intensity profile 
of the emitting beam can be well fitted with the corresponding zeroth order Bessel 
function, as shown in Fig. 3(c). The measured full width at half maximum (FWHM) 
of the Bessel beam is about 1.4 µm, which agrees well with its theoretical value of 
1.35 µm calculated by FWHM Jo = 
0.358λ
𝑁𝐴
. According to the non-diffracting nature of 
the Bessel beam, its intensity profile remains almost the same along the interference 
length, as evidenced in Fig. S9, confirming the realization of zeroth order Bessel 
VCMELs. Likewise, the Gaussian beam of the VCMEL can be readily converted into 
a beam carrying specific OAM modes, simply by adding an additional spiral phase 
profile, as shown in the supplemental video. 
The two-dimensional characteristics of VCMELs and its state-of-the-art packaging 
techniques make them an ideal platform for ultra-compact beam steering 
applications. As a proof of concept, a chip of 8*8 VCMELs were fabricated with 
different deflection angles, respectively, as shown in the inset of Fig. 4(a). Such 
configuration allows programming VCMEL-by-VCMEL to emit deflected beams at 
various angles. Fig. 4(b) show the beam profiles along the propagation direction 
from the VCMELs with deflection angles varying from 0
o
 to 15
o
, and figure 4(c) 
show the corresponding transverse plane intensity distributions at Z=5mm, 
respectively. It can be seen that well-collimated Gaussian beams with various 
deflection angles can be readily selected from the same VCMELs chip. The 
deflection efficiency of the VCMELs is estimated to be in the range from 40% to 60% 
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at Z=5mm according to the emission power distribution along the propagation 
direction (Fig. S10). The efficiency of the VCMELs shows no significant drop with 
increasing the deflection angles, indicating its capability of wide-field operation. 
Operating individual laser of the chip, it become possible to steer beams in real-time 
with ultra-fast speed, which enables efficient programmable laser beam arrays for 
imaging and LiDAR applications. 
Conclusion:  
Vertical cavity metasurface-emitting lasers (VCMELs) featuring arbitrarily wavefront 
engineering of laser radiation at ultra-compact wafer-level have been proposed and 
designed into back-emitting configuration through a nonintrusive integration approach. 
As a proof of principle, meta-atoms are assembled to generate collimated Gaussian 
beams, non-diffracting Bessel lasing emissions, and OAM mode beams, respectively. 
We have also demonstrated the feasibility of realizing a programmable laser beam 
steering arrays. With respect to the previously explored wavefront engineering 
applications of metasurface such as white light imaging, full-color hologram and so 
forth, which rely on extremely rigorous and complicated designs to meet the 
requirements of realistic applications, including efficiency improvement, aberrations 
corrections, etc, the simplicity of monolithic integration of single-wavelength 
metasurfaces used in this example, represents an accessible and readily applicable 
solution for ultra-compact and scalable wavefront engineering of lasers. This compact 
laser-wavefront engineering method could significantly promote the development of 
new emerging technologies such as directional laser displays and LiDAR 
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technologies. 
Methods: 
Fabrication: 
For the integration of metastructures, bottom emitting VCSELs were fabricated 
following  the process discussed in Fig. S1. VCSELs were grown on an n-GaAs 
substrate, which contains 30.5 pairs of p-type top DBR and 28 pairs of n-type bottom 
DBR, consisting of alternating Al0.9Ga0.1As/Al0.12Ga0.88As layers. A 30 nm 
Al0.98Ga0.02As oxidation layer was included in the top DBR above the active region. 
Circular mesas with a diameter of 50 μm and the height of 5 μm were defined using 
standard UV lithography and inductively coupled plasma reaction ion etching 
(ICP-RIE) with SiO2 etch mask. The Al0.98Ga0.02As layer was then selectively 
oxidized forming the 3 μm current confinement apertures, as seen in Fig. S3. After 
defining the active gain region, a 500 nm SiO2 was deposited on the chip surface as a 
passivation layer using PECVD. Following the passivation layer, a Benzocyclobutene 
(BCB) was spin-coated on the SiO2 to planarize the surface. BCB was gradually 
heated and cured by using a hot plate with a temperature increasing from 25 to 250 ℃. 
After cooling the laser chip to room temperature, reactive ion etching (RIE) with SF6 
etching gas was used to remove the solidified BCB on the top of the mesa. The top 
ohmic (Ti/Au) circle n-contacts were fabricated, and the bottom ohmic (Au/Ge/Ni/Au) 
p-contacts were defined by a double side photolithography, lift-off and rapid thermal 
annealing at 320 ℃ for 35 s. The metasurfaces were then integrated using electron 
beam lithography (EBL) on a 180nm Hydrogen silsesquioxane resist (HSQ), which 
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was used as etching mask for the ICP-RIE etching of the GaAs substrate. The etching 
conditions were optimized for minimizing the surface etching damage. Since for this 
demonstration, no etch-stop layer was introduced in the design of the bottom substrate, 
the etching depth of the metalens structure was carefully adjusted by controlling the 
etching time. In our experiments, the depth of the structure was designed as 500 nm 
and was confirmed using AFM, as presented in supplemental Fig. S4. 
Characterization: 
The beams profiles of the fabricated lasers were characterized by imaging the field 
intensity distribution along the propagation direction, as illustrated in Fig. S5. A CCD 
camera is placed on a motorized displacement table with a repeatable movement 
precision of 1μm to record the transverse intensity distribution of the field at different 
propagation distances. The camera display pixels are 1600 *1200, with a pixel unit 
size of 4.4 μm *4.4 μm, leading to a maximum measured spot size of 7.1 mm *5.4 
mm, the spectral response range is 190-1100 nm, the accuracy of the beam diameter 
measurement is +1%, and the sensitivity is 2.5nW/cm
2
. 
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Figures: 
 
 
Fig.1 VCMELs for directional lasing. (a) Schematic of the VCMELs, depicting the standard 
VCSEL cavity and the beam shaping metasurface at the bottom-side of the laser, (b) Calculated 
transmission amplitude and phase of the designed GaAs nanopillars as a function of its radius at a 
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wavelength of λ = 973 nm. The simulation are performed using a finite difference time domain 
commercial software (Lumerical Inc), considering an incoming plane wave impinging at normal 
incidence on a sub-wavelength array of identical nanopillars with a period of 260 nm. The inset 
represents a single element of the array. (c) Scanning electron micrographs of the metasurfaces 
integrated on the VCMELs. Pillars with different diameters are disposed following the phase 
retardation profile to reshape the wavefront by compensating for the diffraction inside the wafer. 
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Fig. 2 Performance of collimated VCMELs. Best collimation performance is achieved from the 
VCMELs with f=630 µm, as evidenced from the measured beam intensity distributions of the 
VCSEL with and without metasurface collimators along the propagation direction under the 
injection current of 0.2 mA (a), far-filed beam patterns of the laser at Z=10 cm (b), and the 
divergence angle of the laser beam as a function of the focal length; (d) Comparison of the laser 
characteristics with and without metasurface, exhibiting similar P-I-V performances. (d) is of 
critical importance, as it demonstrates almost no degradation of the performance after the 
metasurface integration. The inset shows that the transmission efficiency of the integrated 
metalens is estimated to be about 80% under the inject current of 0.2 mA. 
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Fig. 3 Meta-axicon integrated VCSEL for the generation of a zeroth order Bessel laser beam. 
(a) Schematic diagram; (b) Measured beam intensity profile along the propagation direction 
shows a line of non-diffracting signal; (d) The transverse plane intensity distribution at Z= 40 µm 
and (c) its profile along x-axis which can be well fitted by the zeroth order Bessel function 
confirms the generation of non-diffracting zeroth order Bessel beam.  
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Fig. 4. Programmable VCMELs array for wide-range dynamic beam steerings. (a) Optical 
and SEM images of the array of 8*8 VCMELs with different deflection angles mounted onto a 
PCB board by flip-chip method. The inset shows the schematic of the chip with different 
deflection angles for wide-range dynamic beam steering applications. The measured beam 
intensity profiles along the propagation direction (b) and the transverse intensity distribution at Z 
= 5 mm (c) of the VCMELs with deflecting angles varying from 0
o
 to 15
o
.   
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Fig S1. Schematics and the optical/SEM images of different main steps involved in the 
fabrication process flow: (1) The epitaxially grown wafer contains 30.5 pairs of p-type top DBRs 
and 28 pairs of n-type bottom DBRs, which consist of alternating Al0.9Ga0.1As/Al0.12Ga0.88As 
layers. A 30 nm Al0.98Ga0.02As oxidation layer was included on the top DBR, above the active 
region. (2) a 500 nm thick SiO2 layer was deposited onto the wafer as a hard mask using PECVD. 
(3) Circular mesas of 50 μm in diameter and 5 μm in height were then defined using standard UV 
lithography and inductively coupled plasma reaction ion etching (ICP-RIE). (4) The SiO2 hard 
mask was removed by chemical etching using BOE. (5) The Al0.98Ga0.02As layer was then 
selectively oxidized forming the 3 μm current confinement apertures. (6) After that, a thickness of 
500 nm SiO2 was deposited on the chip surface as passivation layer. (7) Followed by spin-coating 
of Benzocyclobutene (BCB) on the SiO2 layer for the planarization of the surface at 2500 r/min. 
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Then, the BCB was gradually heated and cured by using a hot plate with a temperature range from 
25 to 250 ℃. (8) After cooling, reactive ion etching (RIE) is used to remove the solidified BCB on 
the top of the mesas using SF6 as the etching gas at a gas flow of 5 sccm, and the inset 
cross-section SEM image shows that good planarization with a clean surface of SiO2 is achieved. 
(9) The SiO2 passivation layer on the mesa surface was removed by chemical etching. The top 
ohmic (Ti/Au) circle P-contacts were patterned (10), and the bottom ohmic (Au/Ge/Ni/Au) 
N-contacts were defined and obtained through a double-side photolithography, lift-off and rapid 
thermal annealing at 320 ℃ for 35 s (11). (12) The meta-structures were then integrated at the 
backside of the substrate using electron beam lithography (EBL) and ICP-RIE etching. The 
etching conditions were optimized for minimizing the surface etching damage. Hydrogen 
silsesquioxane (HSQ) was used as the resist and the mask exposition. The thickness of the HSQ is 
about 180 nm. The etching depth of the meta-structure was carefully adjusted by controlling the 
etching time. 
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Fig. S2 The emission spectra of a typical fabricated laser as a function of injection current show 
that the FWHM is less than 0.02 nm and the SMSR is larger than 20 dB (29.2dB at 0.2 mA), 
revealing the single fundamental transverse mode operation 
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Fig. S3 To determine the size of the oxide aperture, a reference sample with the same structure 
was processed at the same time under the same conditions. Then the diameter of the oxide aperture 
is measured by etching the top DBRs. 
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Fig. S4 Etching depth of the nano-pillars is around 500 nm estimated by AFM measurement, 
which agrees well with the expected value according to the design. 
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Fig. S5 The schematic of the beam profile characterization set-up. A CCD camera is mounted 
on a motorized displacement table with a repeatable movement precision of 1μm to record the 
transverse intensity distribution of the field at different propagation distances. The camera display 
pixels are 1600 *1200, the pixel unit size is 4.4 μm *4.4 μm, the maximum measured spot size is 
7.1 mm *5.4 mm, the spectral response range is 190-1100 nm, the beam diameter measurement 
accuracy is (+1%), the sensitivity is 2.5nW/cm
2
. 
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Fig. S6 Beam profiles of the collimated beam with f=630 μm at Z = 10 mm. (a) intensity 
distribution along x-axis and y-axis, (b) the transverse plane intensity profile, showing a 
symmetric field distribution with similar x and y cross-sections. 
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Fig. S7 Characterization of laser emission power. (a) Measured laser power with and without 
metacollimators as a function of the propagation distance. The collimated laser with f=630 µm 
exhibits the best collimation performance with the emission power stabilized at about 72 % when 
Z is larger than 8 mm. Moreover, the power of the bare laser without metasurface dissipates 
rapidly, which can’t be distinguished from the background noise beyond 16 mm. (b) the schematic 
of the measurement setup. 
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Fig. S8 High operated-power performance characterization (a)Measured beam profiles at 
propagation distance of Z=1 cm and (b)the beam radius at different propagation distance along 
x-axis and y-axis, respectively, under different injection currents, (c) the divergence angle and the 
beam waist as a function of injection current. The laser beam characteristics measured at larger 
injection current exhibits similar collimation performance, confirming their applicability at higher 
optical power.   
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Fig. S9 The full-width at half-maximum (FWHM) of the zeroth order Bessel beam at different 
planes along the propagation direction. The beam size is about 1.4 μm, which agrees well with its 
theoretical value of 1.35 μm, and remains almost the same across the entire depth of the focus. 
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Fig.S10. VCMELs beam deflection performance: (a) the measured emission power of the 
VCMELs with beam deflected at different angles slightly decreases along the propogation 
dicrection which indicates that the deflected beams are well-collimated (b) the deflection 
efficiency of VCMELs estimated at Z= 5mm show good beam deflection efficiency within a large 
range of angles.   
